Microcapsule-based material is potentially utilized in a variety of fields such as pharmaceuticals, food, biology, self-healing materials, etc. More remarkedly, in the rubberrelated fields, this outstanding material is able to have a crucial role to play as an alternative of sulfur in compounding and vulcanizing process with regard to the self-healing ability after cracking. In this research, the interface polymerization was applied to generate microcapsules, whose shell was synthesized from Urea-formaldehyde pre-polymer modified by 0.25 wt% melamine containing sulfur (S) as a core substance. When the synthesizing process was carried out at 80 C and stirring rate of 300 rpm in 2 hours, the microcapsule product was spherical with the average size of 115 m and contained 60 % of core content that was examined by FTIR, DLS, SEM, TGA and experimented the potential application. As a result, the amount of 8 phr of produced microcapsules utilized in NBR rubber compounds necessitated a longer time to vulcanize rubber at 160 C compared to using 5 phr free S. Besides, the mechanical strength of the microcapsules-contained product was insignificantly changed but bloom-like phenomenon on the rubber surface was markedly improved. It is noticeable that the vulcanized NBR rubber with the presence of these microcapsules are well able to heal its crack or cut when heated up to 150 C in 10 minutes while the free S-vulcanized NBR rubber is definitely unable to be self-healing in the same conditions.
INTRODUCTION
In recent times, microcapsule is a smart material that possesses plenty of potentials and can be formed by using a variety of approaches. Hence, the microencapsulation processes have been paying much attention to numerous scientists and researchers all around the world. Much effort has been made to make it more pertinent to a specific application such as altering the original polymeric materials with the main purpose of the high efficiency in a certain field. For example, Khorasani et al. [1] synthesized microcapsule of poly(melamineurea-formaldehyde) (PMUF) containing a coconut oil-based alkyd resin with the efficacy of 55 to 65 % and the particles' average size of 40 . Additionally, not only can this material better the thermal stability (up to 205 C), but it also enhanced the stiffness and facilitated the dispersing process into the paint. Ha et al. [2] also used microcapsules made of PMUF but different core material as soybean oil-based alkyd resin examined its application in commercial alkyd paint. The results revealed that there was momentous progress in the outstandingly corrosive capacity against the aqueous NaCl solution, UV light, humidity, and temperature relied on the oxidative crosslinking of alkyd resin released from the ruptured microcapsules. Besides, melamine-formaldehyde microcapsules carrying pesticides can be utilized in modern agricultural production [3] due to the low residual formaldehyde, appropriate for seed treatment. Furthermore, microcapsules based on alginate and chitosan were studied in the biological field concerning the enzyme immobilization. This kind of core-shell can stabilize the enzyme at 37 C and also open a new route for biotechnology applications with the utilization of smart microcapsules.
Regarding rubber material, sulfur (S) has a crucial role to play in the vulcanizing process of rubber bettering processing and mechanical properties. In general, there are two kinds of sulfur: soluble sulfur (S8 ring molecules) and insoluble sulfur (polymeric sulfur). Therein, the soluble sulfur becomes vastly preferable due to the solubility and therefore facilitates the compounding process. Nevertheless, the thorny problem is that the excessive amount of soluble S may lead to the "blooming" phenomenon on the product's surface, thereby diminishing the mechanical and physical properties of the final rubber product [4, 5] . In terms of insoluble S, the drawback is related to cost-efficiency and being able to convert to soluble sulfur when mixing and compounding at over 119 C (the melting point of pure sulfur [6] ), causing the unexpectedly self-curing process. To tackle these disadvantageous problems, based on the self-healing feature of microcapsule, it was studied and innovated as an alternative of curing agents that is able to engage in the vulcanization without any impacts on the rubber during the compounding process. In such a way, a few researchers suggested some shell materials walling sulfur core with both benefits and detriments were proposed. Gobinath et al. [7] developed a rubber healing agent, a microcapsule in which sulfur was encapsulated by polypropylene. The formed microcapsules brought about an expansion in the life span of rubber tires by restoring the damage or broken crosslinks occurring over time. Li et al. [8] carried out microencapsulation of sulfur in polyurea and detected the thermal property, morphology and release process of fabricated microcapsules. The results showed that the average size of microcapsules gradually delines when the core content increases from 33 to 67 %. Besides, the higher core content is, the rougher microcapsule surface performed. This would lead to the difficulty in dispersing into rubber. Meanwhile, the sphere microcapsules, whose surface was smooth, possess a low core content (33 %). Another research using poly(urea formaldehyde) (PUF) [9] resulted in the rough surface of microcapsules and time consuming to achieve the stable microcapsules; otherwise, the shell is more likely to be fragile during the compounding process. Poly(melamine formaldehyde) was also used as a role of shell material. Unfortunately, several disadvantages could be observed including difficulties in synthesizing the microcapsule product, facilitating forming poly(melamine formaldehyde) particles, and creating an exceedingly rigid shell leading to getting entangled in the vulcanization. Afterward, poly(melamine urea formaldehyde) (PMUF) [10] was discovered and analyzed to determine a good condition with the purpose of obtaining the high efficiency and core content inside microcapsules. As a result, sodium dodecyl sulfonate (SDS) was proposed as a satisfactory surfactant due to an achieved encapsulation efficiency of 82 wt% and an improvement in mechanical properties when using 0.75 wt% SDS. Despite this approach improves performance, there remains a need to evaluate a self-healing ability of PMUF microcapsule applied in rubber.
As several advantages mentioned above, in this paper, microcapsule based on PMUF containing sulfur core was carried out with the main purpose of optimizing the microcapsule synthesis condition and thus improve encapsulation efficiency and core content. Furthermore, it was found that the use of gelatin enabled sulfur to disperse better into an emulsion with a very small amount of SDS (0.1 wt%). The microcapsule properties, morphology and particle size were examined in this study. Additionally, the self-healing potential of PMUF-containing-S microcapsules was detected in nitrile rubber (NBR), and the improvement of "blooming" phenomenon on the product's surface was also demonstrated.
MATERIALS AND METHODS

Material
Urea (U), melamine (M) and formalin (F) (37 wt%) (China) were used without purification. Formic acid, carbon disulfide, tetramethyl thiuram disulfide (TMTD), and ncyclohexyl-2-benzothiazole sulfonamide (CBS) were purchased from China. Other chemicals were also used in this study such as dichloromethane (Vietnam), sodium carbonate (Vietnam), gelatin (India), sodium dodecyl sulfonate (SDS) (India), zinc oxide (Korea), NBR (KUMHO KNB35L, Korea), soluble sulfur (China) with the melting point of 115 and boiling point of 444.6 C, carbon black (N330, Degussa, German).
Synthesis of PMUF microcapsules containing S (PMUF-c-S)
First, prepolymer (pMUF) was prepared with the molar ratio of U:F is 1:2 and an amount of melamine (0.25 wt% of the total weight of U and F) in a three-necked flask. After obtaining a homogeneous solution, pH value was adjusted within a range of 7.5 to 8.5 by putting the aqueous solution of Na 2 CO 3 10 % to facilitate methylol formation. The preparation was carried out at 80 C for 1 h. Finally, a viscous and transparent solution was attained [10] .
To form an emulsion, 50 g distilled water and SDS surfactant (0.1 wt%) were placed into a 250 ml three-necked flask and stirred at 1000 rpm for 30 minutes. Then, 5 g of solid S was uniformly dispersed into 10 mL gelatin with a concentration varied from 3 to 10 wt%. The formed mixture was dropwise added into the prepared emulsion under stirring at 1000 rpm to get stabilized in 1 h at room temperature.
The prepolymer pMUF (the weight ratio of pMUF:S is 2:1) prepared at the first stage was added into the reaction system with various rotational speed (from 300 to 700 rpm). Next, pH was adapted and maintained at 3 -4 by using formic acid with purpose of carrying out condensation polymerization generating PMUF shell outside S core at different temperature (70 -90 C) in 2 h. Then, after being stabilized in 24 h, the produced microcapsule was filtered, rinsed with distilled water and dried in a vacuum oven for 24 h at 70 C.
Characterization of PMUF microcapsule
The encapsulation efficiency ( ) and core content ( ) were calculated by the following equations [10] where W w stands for the weight of microcapsules after being washed by dichloromethane to remove external S and dried; W s stands for the weight of produced microcapsules after being completely dried; W m stands for the weight of microcapsules' shell after eliminating S core. In order to remove S core from microcapsules which were washed and dried carefully, these microcapsules were crushed in a mortar and then washed with carbon disulfide many times [9] . The morphology and surface of microcapsules were examined by SEM JEOL 5410. The formation of microcapsules was verified by evaluating spectra of produced microcapsules and PMUF shells using FTIR Bruker-TENSOR 27. The average size and size distribution of microcapsules were determined by a DLS equipment (HORIBA Laser LA-95) using water to measure. Labsys Evo (TG-DSC 1600 C) was utilized for accessing thermal properties of microcapsules at a heating rate of 10 C.min-1 under N 2 atmosphere from 25 to 600 C.
Assessing the role of microcapsules in vulcanizing and self-healing of a crack
NBR rubber mixing and homogenization were done using an internal mixer (Model MX500-D75L90) at temperature of 90°C to reduce NBR rubber viscosity. Then, after achieving an appropriate viscosity, ZnO and black carbon were added and continued mixing. The mixture was transferred to two-roll rubber mixer (Model XK-300 China) to easily control the temperature before adding accelerators and S (or microcapsules). When a homogeneous mixture was obtained, the compound was placed into a mold forming a rubber sheet and stabilized for 8 h. In Table 1 , M m+s and M m were calculated via these equations: in these equations, M m+s is the mass of microcapsules product without washing, which includes PMUF-c-S microcapsules and unwalled S; M s and M m are the mass of S and microcapsules, respectively. Besides, m s and m m are the weight percent of free S and microcapsules included in M m+s , and E core is the core content of microcapsules. 
Ingredient
Part per hundred parts of rubber (phr) To examine the self-healing ability of rubber with the presence of microcapsules, a compounded rubber sample was prepared with the dimension of 3 × 15 cm and cut into two parts based on the width dimension. At the following stage, these two pieces were mat ched prior to compressing and heating at 150 C. This temperature is in range of endogenous heat (140 -180 C) of rubber car tires when moving 7 . Finally, the self-healing potential of cured rubber samples was investigated by the use of SEM JEOL 5410 and optical microscope. With the purpose of demonstrating the effect of stirring rate, the reaction was carried out under a various stirring rate from 300 to 700 rpm for 2 h at 80 C to form PMUF-c-S microcapsules with the presence of 5 wt% gelatin. As can be seen from Table 3 , there was a downward trend in E e with an increase of rotational rate from 300 to 700 rpm. The highest E e in (a)
RESULTS AND DISCUSSION
The effect of rotational rate in polymerization process on the formation of microcapsule shell
this study reached 82.87 % under the stirring rate of 300 rpm. This can be explained due to the fact that a high rotational rate leads to a change in the site of polymerization, facilitating deposition of PMUF in water but not at the interface to form microcapsules. It is also reasonable to suppose that a high stirring rate is likely to fracture generated microcapsules on account of increased turbulent energy on microcapsules' surface [10] . Meanwhile, the stirring rate is a remarkable factor affecting the average size of microcapsules. The diameter of microcapsules is inversely proportional to the stirring rate and depends on viscosity and concentration of emulsion substance [10] . With the same concentration of SDS when using 5 wt% of gelatin, the average particle size of microcapsules declined slightly from 114.46 to 104.46 as a result of rising the stirring rate from 300 to 500 rpm (Figure 2) . Concurrently, the core content experienced a moderate growth from 60.7 to 62.8 %. Under the stirring rate of 300 rpm, the gelatin concentration used to support S dispersion was increased from 3 to 10 %, leading to a reduction in Ee from 87.45 to 65.35 %. This is due to the fact that although a very little amount of SDS was used (0.1 wt%) to lower a surface tension of S in water phase and stabilize the emulsion, the viscosity of the emulsion was relatively high, thereby not only deterring prepolymer from homogeneous dispersion in the microcapsule encapsulation but also facilitating the formation of PMUF particles.
The effect of gelatin concentration on the formation of microcapsule
The effect of temperature on the formation of microcapsule
The temperature of condensation polymerization plays an important role in both E e and E core of microcapsules. As can be seen from Table 4 , at 70 C, both E e and E core were the lowest ones compared to other temperatures (82.24 and 58.43 %, respectively). This can be interpreted that at low temperature, the encapsulation reaction is slower than PMUF polymerization, leading to a significant decrease in E e . The temperature also influenced the surface and morphology of formed microcapsules that was illustrated in Figure 3 , 4 and 5. SEM micrographs exhibited that there is a few of spherical particles and the incompletely encapsulated microcapsules, which were deformed or coupled with one another due to stirring (Figure 3) . However, microcapsules synthesized at 80 C (Figure 4 ) reached the highest E e (87.45 %) among 3 different temperatures and obtained the spherical shape, higher core content (61.25 %), and the smoother surface of microcapsules, which are suitable to utilize in reality. Besides, at a reaction temperature of 90 C, E e of microcapsules slightly declined, and the spherical structure of microcapsules is distorted. The reason for this is that at 90 C, the rate of encapsulation was more rapid but the reaction time was so long. Therefore, microcapsules were easily deformed or broken, then stuck to other microcapsules, leading to a rough surface of microcapsules ( Figure 5 ). Afterward, microcapsules prepared at 80 C was chosen to examine the properties and self-healing ability. 
Assessment of PMUF-c-S microcapsules product
FTIR spectrum of microcapsules
The spectrum from Figure 6 demonstrated the successful formation of the PMUF exterior shell of microcapsules through the appearance of several featured vibrations at 3420.14 cm -1 (O-H and N-H stretching), 1650.24 cm -1 (C=O stretching in NH-CO-NH bonding). Additionally, the N-H bending, C-N stretching, and C-O-C stretching vibrations were indicated at 1541.85 cm -1 , 1260.70 cm -1 and 1032.55 cm -1 , which illustrated the presence of melamine ring in PMUF. These peaks were relatively similar to PMUF spectra of other papers [2, 10] . The data from the given DSC curve (Figure 7) shows that there was a large endothermic peak at 263.75 C, indicating degradation of PMUF shell. Moreover, a melting point of S at 121.95 C confirmed the successful encapsulation forming microcapsules containing S [10] . Meanwhile, TGA curve exposed a thermal strength with the presence of melamine when a significant mass loss was observed at 263 C, which is higher than the results of polyurea (250 C [8] ) and PUF (253 C [9] ).
TGA and DSC analysis of microcapsules
Evaluation of microcapsules applied in rubber
Evaluation of vulcanization ability microcapsules contained in NBR rubber
The vulcanization curves of 3 samples from Figure 8 shows that the only microcapsulecontained sample (3) had the longest vulcanization time (around 5.8 minutes) due to the fact that S contained in microcapsules needed a time to release and cure through the compression under pressure at 160 °C. For the sample (2) containing both free S and PMUF-c-S microcapsules, the time for vulcanization process was shorter (3.22 minutes) because the free S had reacted with NBR rubber to crosslink, the remained amount of S needed to vulcanize was littler than only microcapsules and therefore shorten the vulcanization time. Meanwhile, the rubber sample with only S (1) was the quickest one (1.55 minutes). The vulcanization curves of 3 samples from Figure 8 shows that the only microcapsulecontained sample (3) had the longest vulcanization time (around 5.8 minutes) due to the fact that S contained in microcapsules needed a time to release and cure through the compression under pressure at 160 C. For the sample (2) containing both free S and PMUF-c-S microcapsules, the time for vulcanization process was shorter (3.22 minutes) because the free S had reacted with NBR rubber to crosslink, the remained amount of S needed to vulcanize was littler than only microcapsules and therefore shorten the vulcanization time. Meanwhile, the rubber sample with only S (1) was the quickest one (1.55 minutes).
Effect of microcapsules on appearance of NBR rubber
After vulcanization, the "blooming" phenomenon appeared on the first rubber sample's surface within 5 days, while the two others did not produce any flaw after 30 days ( Figure  9 ). The reason for this is that microcapsules released a sufficient amount of S to cure rubber, the remained amount of S was kept inside microcapsules, thereby deterring rubber from emerging "blooming". Besides, there was no significant difference in the mechanical properties of the three samples (Table 5 ). The three cured rubber samples with different curing agents were cut as described above, then compressed and heated once again at 150 C for 10 minutes.
When observing the first sample with only S (Figure 10) , the cross-section did not change before and after reheating and recompressing. However, the white particles can be easily detected on account of excessive S, leading to an occurrence of "blooming" phenomenon ( Figure 11) . Also, the gash still existed in the rubber sample, meaning that the healing process did not take place with only S. For the second and final samples, as can be seen from Figure 11 and 12, the white particles were largely decreased after heating compression. More strikingly, the gash was healed and mostly recovered when heating again. To make it more obvious, SEM micrographs in Figure 13 illustrated the healed gash of the rubber sample carrying microcapsules only after enabling self-healing process to happen. It is apparent to clarify that PMUF-c-S microcapsules are able to heal the scratches and cracks on rubber surface through the mechanism that the ruptured shell of microcapsules allows the S core to release and react with the remained double bond in rubber to facilitate vulcanization. 
CONCLUSIONS
The achieved results show that the use of 3 wt% gelatin is appropriate in terms of viscosity to support the dispersion process of S and stabilize the emulsion of 0.1 wt% SDS under the stirring rate of 1000 rpm. This facilitated the formation of microcapsule product through the condensation polymerization of PMUF outside S core at 80 C for 2 h under the stirring rate of 300 rpm. Microcapsules synthesized under these conditions performed high E e (87.45 %), spherical shape and the core content of 60.2 %, which are appropriate to utilize in rubber processing rather than free S. With the 8-phr amount of microcapsules (equivalent to 5 phr S) in conjunction with 1 phr of accelerators including TMTB and CBS , the vulcanization time of NBR rubber at 160 C was longer than free S but the "blooming" phenomenon was significantly reduced. Besides, the scratch in rubber samples after vulcanization was able to heal itself when reheating and recompressing at 150 C for 10 minutes. This self-healing ability of rubber sample containing PMUF-c-S microcapsules is the most advantageous and dominant compared to that of free S-carried rubber.
